We have investigated the changes in anterior laxity of the knee in response to direct electrical stimulation of eight normal and 45 reconstructed anterior cruciate ligaments (ACLs). In the latter, the mean time from reconstruction was 26.7 months (24 to 32). The ACL was stimulated electrically using a bipolar electrode probe during arthroscopy. Anterior laxity was examined with the knee flexed at 20˚ under a force of 134 N applied anteriorly to the tibia using the KT-2000 knee arthrometer before, during and after electrical stimulation.
We have investigated the changes in anterior laxity of the knee in response to direct electrical stimulation of eight normal and 45 reconstructed anterior cruciate ligaments (ACLs). In the latter, the mean time from reconstruction was 26.7 months (24 to 32). The ACL was stimulated electrically using a bipolar electrode probe during arthroscopy. Anterior laxity was examined with the knee flexed at 20˚ under a force of 134 N applied anteriorly to the tibia using the KT-2000 knee arthrometer before, during and after electrical stimulation.
Anterior tibial translation in eight normal and 17 ACL-reconstructed knees was significantly decreased during stimulation, compared with that before stimulation. In 28 knees with reconstruction of the ACL, in 22 of which the grafts were found to have detectable somatosensory evoked potentials during stimulation, anterior tibial translation was not decreased. These findings suggest that the ACL-hamstring reflex arc in normal knees may contribute to the functional stability and that this may not be fully restored after some reconstructions of the ACL.
Current attention on the function of mechanoreceptors in the anterior cruciate ligament (ACL) is a resurgence of interest in a mechanism which had been suggested many years ago. Mechanoreceptors have been demonstrated in the human ACL in a number of studies. [1] [2] [3] Investigation of proprioception in patients without a functioning ACL has shown deficits in joint position sense [4] [5] [6] [7] and kinesthesia. 5, [8] [9] [10] During arthroscopy, Pitman et al 11 demonstrated somatosensory evoked potentials in the cerebral cortex after direct electrical stimulation of an intact ACL in nine patients, indicating proprioceptive input transmitted along the posterior columns from peripheral nerves. Furthermore, various authors have suggested that the ACL functions as a sensory organ, providing proprioceptive information and initiating protective and stabilising muscle reflexes. 12 Solomonow et al 13 demonstrated reflex contraction of the hamstrings when mechanical stress was applied to the ACL in cats. Other experimental evidence 14, 15 has suggested that stimulation of ligamentous mechanoreceptors may lead to reflex muscle activation. In humans, Dyhre-Poulsen and Krogsgaard 16 and Tsuda et al 17 found evidence of a direct reflex between the ACL and muscles acting on the knee. While a direct ACLhamstring protection system may be difficult to demonstrate in animal and human models, there is increasing evidence indicating the existence of a proprioceptive mechanism which arises from the ACL and influences tone in the thigh muscles. The ACL-hamstring reflex may therefore play a physiological role in knee kinematics. However, it is uncertain whether the ACL-hamstring reflex is involved in maintaining stability of the knee.
Reconstruction of the ACL using autogenous grafts of either bone-patellar tendonbone, or hamstring tendon has produced a good to excellent outcome based on clinical assessment. 18, 19 Improvement in the dynamic stability of the knee, reduced joint laxity and improved proprioception as the graft heals, may be associated with a successful functional outcome. It has been suggested that mechanoreceptors can regenerate within the ACL in animal models. 1, [20] [21] [22] In humans, we have previously 23, 24 found detectable somatosensory evoked potentials (SEPs) after electrical and mechanical stimulation in the ACL reconstructed with autogenous hamstring tendons, suggesting that sensory reinnervation may occur in the reconstructed ACL and that reconstruction results in restoration, not only of a mechanical restraint, but also of function within the knee.
It is not known whether the ACL-hamstring reflex is fully restored after reconstruction. If it is, then the matured, reinnervated graft would generate protective reflexes to prevent re-injury and progressive laxity, as suggested by Kennedy, Alexander and Hayes. 25 Recently, Tsuda et al 26 have demonstrated an increase in electromyographic activity in biceps femoris after electrical stimulation of the patellar tendon graft, indicating re-establishment of the ACL-hamstring reflex in the human knee after reconstruction of the ACL. If this reflex is fully restored, it should play the same role in maintaining stability as in the normal knee, but we do not know to what extent it has the same functional importance as in the normal knee.
It is, therefore, essential to determine whether the regenerated receptors can still provide neurophysiological function and contribute to functional stability. Using our previous technique, 23 we selectively activated the sensory nerve fibres in the normal and reconstructed ACL by electrical stimuli and recorded subsequent changes in the anterior laxity of the knee with a KT-2000 knee arthrometer (MED Metric Corporation, San Diego, California). This device has been used extensively clinically to measure relative displacement and has been assessed for reliability, validity, and responsiveness to change. 27 Our hypothesis was that electrical stimulation of the normal and reconstructed ACL would increase the stiffness of the knee through the ACL-hamstring reflex.
Patients and Methods
Two groups were recruited for this investigation, one with a normal ACL and the other, which had all undergone reconstruction of the ligament. Table I summarises the details of each group. Each had a similar age and recreational level. All patients gave consent and the protocol was approved by the Ethical Board of our institution. The normal ACL group consisted of four men and four women with a mean age of 27.9 years (14 to 39). All had undergone arthroscopy; for a superficial chondral lesion in four knees, for meniscal injury in two and for other internal derangements of the knee but without abnormality of the ACL in two. The group with reconstruction of the ACL comprised 22 men and 23 women with a mean age of 29.2 years (15 to 41) and a mean time from reconstruction of 26.7 months (24 to 32). They had all undergone arthroscopic reconstruction of the ligament with quadrupled semitendinosus or doubled semitendinosus and gracilis tendon grafts by an experienced arthroscopic surgeon (MO). All had normal contralateral knees and no history of previous injury, symptoms or neurological abnormality.
Stability, muscle strength, and joint position sense. The anterior laxity of each reconstructed knee was examined on the day before the experiment, using a KT-2000 knee arthrometer (MED Metric Corporation) with a force of 89 N applied posteriorly to the tibia as well as 134 N anteriorly, with the knee flexed at 20˚. Both knees were examined and any difference in stability was recorded in millimetres as laxity.
The muscle strength in the ipsilateral quadriceps and hamstring muscles was determined by a Cybex 6000 dynamometer (Lumex Inc., Ronkonkoma, New York) at 60˚/s. The ratio of peak torque in the muscles of the surgically treated to that in the normal knee was estimated.
Evaluation of proprioception was performed according to the method of Skinner et al 28 with modifications. The position sense of the knee was tested by examining the ability of patients to reproduce the angle at which the joint had been placed before being moved. In all the tests, patients were dressed in shorts without shoes or socks. The subjects were seated in a Cybex II dynamometer (Lumex Inc.) chair, with the seat adjusted to approximately 5 cm from the popliteal fossa and were asked to relax their legs completely. Their feet did not touch the floor. The patients were blindfolded to eliminate visual input and to facilitate concentration during testing. The examiner held an inflated air splint positioned around the patient's foot to reduce cutaneous sensory input to the lower limb and moved one of the legs at a slow, steady rate of 10˚ per second. The starting reference position was 90˚ of knee flexion. The ability to reproduce a passive knee position actively at five different target angles between 5˚ and 25˚ of flexion from the reference position was tested at intervals of 5˚. The limb was held in this position for three seconds and the subjects were asked to concentrate on the positions at which their legs had been placed. The knee was returned to the starting angle and the subject was asked to position the leg at the targeted angle. The difference between the perceived angle and the actual angle of flexion, in degrees, was recorded as an inaccuracy. A measurement of inaccuracy between the perceived angle and the actual angle was recorded with the same positive sign for errors of both flexion and extension. The mean inaccuracies were recorded in both the injured and normal knees. The reproducibility of the measurements had been established previously, 29, 30 using the Bland and Altman plot showing the mean difference (95% confidence intervals) of measurements in subjects to be -0.14 (-1.83 to 1.56). Somatosensory evoked potential (SEPs). All patients were anaesthetised using nitrous oxide and oxygen for induc- tion, followed by spontaneous respiration through a laryngeal mask. Inhaled anaesthetic agents such as halothane, isofluorane and enflurene were not used because of their depressant effects on the cortical response and motor units, alterations in reflex recruitment and on twitch responses. 31, 32 No local anaesthesia or epinephrine was used and neither were muscle relaxants.
The ACL was stimulated electrically by a bipolar electrode probe with a Teflon-coated tip (AU-1; InterMedical Co Ltd, Tokyo, Japan; Fig. 1 ), inserted into the anterior aspect of the midportion of the graft through an anteromedial portal (Fig. 2) . In order to minimise variations, only one investigator (JI) determined the point at which the electrode was inserted. The stimulus came only from the extreme tip of the probe and did not spread through the synovial fluid or physiological saline to other structures of the knee.
The stimulus used was a square wave, 0.2 ms in duration, at an intensity of 10 mA, with a rate of 3/s. Electrode impedance was maintained at between 2 k Ω and 10 k Ω . The room temperature was maintained at between 23˚C and 25˚C. The cortical response was recorded over a bandwidth of 0.5 to 1500 Hz for a duration of 100 ms. The mean of 200 epochs was recorded, with two responses being recorded for each trial and superimposed to ensure consistency with a measurement system for evoked potentials (Synax 1100; NEC Medical Systems, Tokyo, Japan).
The SEPs were monitored by a surface electrode placed on the shaved scalp at a point 2 cm lateral and 2 cm posterior to the CZ position, according to the international 10 to 20 system with reference to the FP and ear. In order to determine the reproducibility of measurement of the SEP, the recording was repeated at least twice. A result was considered to be positive if a response could be seen within a reading and could be reproduced on a second reading. The higher voltage was selected as being the most representative of recorded SEPs. A result was considered to be negative if there was no response within the first or second reading or if there was inconsistency between the two. A third reading was then taken to ensure that there was no response or inconsistency with the first two. A peak or trough in each SEP, usually a P1 trough or N1 peak, was chosen as the feature for programmed automatic detection for a monitoring session. The latencies of P1 and N1 and the difference in potentials between P1 and N1 were calculated as the voltage of the SEP. Measurement of anterior laxity. After the monitoring of the SEP, the arthroscope and saline were removed, leaving the electrode probe in the capsule of the knee joint. Care was taken to leave no saline within the knee. Anterior laxity was examined with the knee flexed at 20˚ under a force of 89 N applied posteriorly to the tibia as well as 134 N anteriorly, using the KT-2000 knee arthrometer (MED Metric Corporation) before, during and after electrical stimulation (Fig.  3) . The ligament was electrically stimulated in the same way as for monitoring the SEPs. In order to minimise variations, measurement of anterior laxity was carried out only by one experienced examiner (KK). Anterior tibial translation in millimetres was evaluated at 134 N. We took the mean of three tests to be the score. We recorded each test and the mean to the nearest 0.1 mm, rather than the customary 0.5 mm. Anterior terminal stiffness, in Newtons per mm, was measured by drawing a line at the point of 134 N (13.59 kg) of loading on a force-displacement curve.
After the measurement of anterior laxity, we arthroscopically confirmed that the electrodes had been placed correctly. In a previous study, Jensen et al 33 observed that once an electrode had been placed in the ligament, movement of Photograph of the electrode probe. The tip was bent to form a 1 mm hook to prevent it from displacement after insertion. Fig. 2 Arthroscopic view of the tip of the bipolar electrode probe, inserted through the anteromedial portal and into the mid-portion of the hamstring tendon graft, transplanted as the ACL substitute. The arrows indicate the tip of the electrode.
the joint did not displace it, whereas traction would easily do so. Therefore, we bent the tip to form a 1 mm hook to prevent displacement after insertion into the ligament (Fig.  1) , thus ensuring that any change in anterior terminal stiffness or anterior tibial translation recorded from the knees was due to the stimulation of the nerve fibres in the ACL and not because of excitation of reflexes from the joint capsule or muscle strength receptors. Reproducibility of the KT-2000 knee arthrometer. A pilot study was carried out to determine the magnitude of the trial-totrial variability of anterior knee laxity measurements in normal individuals within a test. An interclass correlation coefficient was used to determine the intraobserver reliability for the KT-2000 (n = 12). The examiner (KK) proved to be reliable over time, with an intraclass correlation coefficient of 0.96 (p < 0.0001).
Statistical analysis. All numerical data were expressed as the mean and SD . The paired t -test was used to verify the statistical significance of differences in anterior laxity before, during and after electrical stimulation. The results between the normal ACL group and those with reconstruction of the ACL were compared statistically using the unpaired t -test and repeated measures of analysis of variance. A p value of less than 0.05 was considered to be statistically significant.
Results
The stability, muscle strength, and joint position sense of the knee. All patients with reconstruction of the ACL had excellent or good outcomes, category A or B International Knee Documentation Committee scores, 34 and a KT-2000 side-to-side difference of 4.5 mm or less (Table II) . There were no significant differences between the groups in the strength of the hamstring muscle (p = 0.87) and the quadriceps (p = 0.83). In addition, no significant difference was found between the two groups in inaccuracy of the joint position sense of the operated knee (p = 0.56).
SEPs induced by electrical stimulation of the ACL. Reproducible cortical SEPs were detected in all eight knees in the normal group and in 39 of 45 knees in those with a reconstruction. Table III shows In reconstructed knees, a comparative study was carried out between the 17 subjects whose anterior tibial translation had been significantly decreased by electrical stimulation and the 28 in whom it had not been affected (Table IV) . Unpaired t -tests showed no significant differences in age, activity score, stability of the knee or muscle strength. However, the joint position sense of the knees, the anterior Graph showing the change in anterior tibial translation. The anterior tibial translation in normal knees during stimulation was significantly decreased compared with that before stimulation, according to the paired t-test (p < 0.001). A significant time-related difference was also found between the two groups according to repeated-measures analysis of variance (p < 0.001) (ACL, anterior cruciate ligament). 
Discussion
Our results indicate a significant decrease in the anterior tibial translation of the knee by electrical stimulation of the normal ACL, indicating that stimulation of the afferent nerve fibres in the human ACL induces efferent changes in the hamstring and quadriceps muscles. Mechanoreceptors in the human ACL have now been well demonstrated 1-3 and a possible role for them in generating stabilising and/or protective reflexes has been suggested. 35 According to DyhrePoulsen and Krogsgaard, 16 at rest, impulses elicited in the human ACL produce activation of the hamstring muscles, supporting the contention of an automatic ACL-hamstring synergy. The existence of a proprioceptive mechanism arising from mechanoreceptors in the cruciate ligaments and stimulating the thigh muscles has been observed in humans by Tsuda et al. 17 However, the presence of a reflex activation in response to electrical stimulation to the ACL does not necessarily generate an adequate stabilising force. The question remains as to whether ACL-hamstring reflexes can provide functional protection to the ligament. Our observation that the electrically-stimulated ACL resists anterior tibial translation demonstrates the potential of the ACL-hamstring reflex to provide stability to the knee. According to Wojtys and Huston, 36 in normal control subjects, the mean anterior tibial translation with the muscles relaxed is 5.4 mm when a 13.59 kg step force directed anteriorly is applied to the proximal leg. However, the anterior tibial translation decreases to 2.1 mm when there is maximal isometric contraction of the muscles of the leg. The ACL reflex may be an essential part of normal function of the knee, although we did not observe such a dramatic decrease in anterior tibial translation.
It is not known how reflexes from mechanoreceptors in the ACL affect the motor neurone pool to muscles in the lower limbs. The reflex may be part of a complicated polysynaptic reflex acting through r-neurones or conducted through slow-conducting afferents from group-III mechanoreceptors. 37 The pathway of the reflex observed in this study is probably very complex and we do not know the type of afferent which was conducting the impulses in our study.
In at least some patients, such as the normal control group, we have shown a significant decrease in anterior tibial translation of the knee during electrical stimulation of the reconstructed ACL. Evidence provided by our study supports the existence of both afferent and efferent routes, from the central nervous system to the hamstring muscles through neural elements regenerated in the replacement graft.
Tsuda et al 26 found a significantly high mean electromyography of between 120 and 140 ms in biceps femoris in two of three patients during stimulation of the ACL reconstructed with a bone-patellar tendon-bone graft, indicating re-establishment of the ACL-hamstring reflex arc in the reconstructed knee. However, Biedert and Zwick 38 could not demonstrate a ligament-muscle reflex arc from the graft to the hamstring muscle group. In our study, the anterior tibial translation in 28 reconstructed knees, of which 22 had detectable SEPs during stimulation, was not changed by electrical stimulation. A functional connection between receptors in the graft tissue and the cerebral cortex did not produce a fully restored ACL-hamstring reflex in these knees. Studies of proprioception after reconstruction have suggested that in some patients there is improvement in the injured knee but that in others, a significant deficit remains. 29, 39 A mean period of 26.7 months (24 to 32) may not be long enough for reinnervation and re-establishment of the neural pathway to take place consistently. According to Denti et al, 40 patients with a reconstructed ACL have a clear deficit of motor control compared with normal control subjects, even after several years. Although the transplanted graft shows an ability to adapt to electrical stimulation, it may not achieve the structural identity of the normal ACL.
The joint position sense of the knee, the anterior tibial translation of which had been decreased by electrical stimulation, was found to be significantly better than that of the remainder. These results suggest that an improvement in the joint position sense reflects restoration of the ACL-hamstring reflex after reconstruction, since the test involves afferent activity and motor output which is efferent. However, some authors believe that threshold tests are more sensitive in detecting subtle alterations in proprioception of the knee. 41 In our study, the existence of the ACL-hamstring reflex arc was shown experimentally, indirectly using electrical stimulation and not mechanical loading. Findings obtained by electrical stimulation may not apply to normal physiological function. We cannot differentiate whether the observed change in stiffness was from biceps femoris or other hamstring muscles. It is clear that mechanoreceptors are present, but that their role is subtle and difficult to measure. However, electrical stimulation is a safe, accurate tool, and constitutes a further step in studying and determining the sensory function of the ACL.
Despite the technical improvements in the management of a torn ACL in the last 20 years, the challenge remains to return the reconstructed knee to a normal pattern of function. Muscle timing, co-ordination and integration need to be addressed. As more sensitive measures are developed and a longer follow-up period for the present patient group is achieved, it will be possible to study the functional significance of the ACL-hamstring reflex and to determine what is needed to facilitate its recovery after reconstruction of the ligament.
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